A method of noninvasively measuring the density of fluids contained within pipes, cans, tanks and bottles has been developed. The container-fluid system is interrogated using an ultrasonic transducer. A second transducer is used to observe transmitted energy as the input frequency is swept through an appropriate range determined by the geometry. Resonance peaks are observed in the transmitted energy. The periodicity of the resonant peaks is determined by analyzing the response data using a fast Fourier transform. The technique was tested using known NaCl concentration standards within a stainless steel pipe. The concentration of unknown NaCl solutions were then measured in situ with an accuracy of 39.15 M over a range of 0.4 to 3.4 M corresponding to an accuracy of W.02 specific gravity (SG) units over a range of 1.000 to 1.134 SG units. The precision of each measurement ranged from 1 part in 10, OOO to 1 part in 1OOO. Changes in temperature shift the period in a manner similar to shifts from concentration changes; for NaC1 solutions the temperature effect can be expressed as an equivalent concentration change and was found to be 0.029 M per OC or 0.59% over the concentration range measured. Data collection time for a single measurement was less than 2 seconds.
INTRODUCTION
An ultrasonic resonance interferometric technique was developed to measure the density, and hence the concentration, of industrial fluids noninvasively and in situ. Other examples of ultrasonic interferometry have been developed previously1 v 2 , however, until now, all measurements required either the immersion of the measuring device within the fluid or a specially designed sample chamber. The installation, use and maintenance of such invasive devices can expose personnel to fluid that is often hazardous. The use 1051-0117/92/0000-0855 $1.00 0 1992 IEEE of a noninvasive technique that uses the container walls as the interferometer eliminates these risks. Hazardous fluids can be tested without subjecting workers to hazardous fumes or creating a hazardous spill. For radioactive applications, worker exposure to ionizing radiation is minimized. For fluids at high temperatures, the possibility of accidental burns is reduced. The technique and instrumentation described here can be installed and used on existing pipes and tanks without interrupting operations. This paper discusses the theory and instrumentation and describes its application to NaCl solutions. Other possible applications include acids, caustics, foodstuffs, petrochemicals, gases and cements and the technique may be useful as a tool to characterize the state of a chemical reaction within a process chamber.
METHODS
The density of a uniform, static fluid contained within a length of stainless steel pipe can be measured nonintrusively using ultrasonic excitation if the inside diameter (ID) of the pipe and the acoustic characteristics of the fluid are known. IIhe measurement system consists of three functional components: piezoelectric sensors, a signal generator, and a computer data acquisition and analysis system (Fig. 1) .
A general description of the complete system is as follows. Two ultrasonic piezoelectric transducers (Babcock and Wilcox Model FC500) are mounted on the outside of a pipe via a stainless steel coupler. The coupler is shaped to match the contour of the pipe on one side and the transducer face on the other and serves to efficiently transfer energy between the two. The pipe-solution system will periodically be i n resonance. The resonant frequencies are observed as voltage maxima by the second transducer. Over the entire frequency range, a regular pattern of maxima and minima voltage responses is recorded (Fig. 2) . At relatively high frequencies (> 300 kHz), the periodicity of these responses appears to be related to the pipe ID and acoustic properties of the medium only; the complex resonant patterns used to fingerprint arbitrarily shaped objects that are commonly observed at low frequencies (1-30 ~H z )~ are not observed in these experiments. The ;ig. 3. FFT spectrum of the spectrum in Fig. 1 showing a primary peak at channel 41 and subsequent harmonics at 82 and 123.
dependent acoustic velocity changes the separation between successive resonance peaks, is too small in NaCl solutions to affect the observed frequency differences over the frequency range used in this work5. The difference frequency, F = (fn-fn-1 For solutions, the sound velocity is a function of composition and temperature. For instance, in aqueous salt solutions, the velocity increases with concentration and hence the interval between peaks increases. For measurements over a constant frequency range, the total number of resonance peaks will decrease. Monitoring the total number of resonance peaks over a constant frequency range allows one to follow changes in the concentration of the enclosed salt solution.
A fast Fourier transform (FFT) of the frequency spectrum yields the total number of resonance peaks over a given frequency range (Fig.  3) Nine NaCl solutions at constant temperature were used to determine the relationship between solution SG and the number of resonance peaks per scan (Fig. 4) . SG is directly related to molarity6 in a nonlinear, yet single valued, fashion for salt solutions. The relationships derived from the calibration salt solutions were then used to determine the molarity of 'imknown" test so1utions7. me effect of temperature was determined separately by measuring the shift in the FFT peak of a single 4.848 g-moV1 solution with increasing temperature (Fig. 5) . Table 1 lists the SG for each test solution as measured using the relationship derived from Fig. 4 and compared to the prepared values. The Fig. 5 , the effect of a 1 OC change in temperature was determined to represent a 0.59% change in molarity or 0.0287 gmoM. ig. 5. The number of resonance peaks per scan is related to temperature.
RESULTS

CONCLUSIONS
An ultrasonic resonance technique has been developed to measure selected fluid properties such as specific gravity noninvasively within process pipes. The technique measures the natural resonance's of a fluid-filled pipe and requires no specifically designed chamber or removal of fluid. Given a fixed ID, the natural resonance's of a fluidfilled pipe are entirely dependent upon the acoustic properties of the fluid which change with composition (such as salt concentration) and temperature. At high frequencies, a pipe or slab tank can be represented by a single resonance determined by the diameter of the pipe or the thickness of the slab tank, thus eliminating the complex resonant patterns associated with less symmetric geometries. An FIT of the resonant response over a wide frequency range at high frequencies will yield a dominant peak that represents the number of resonant peaks over the fixed frequency range. The position of this peak in the FFT is shown to change with concentration and temperature in NaCl solutions. We have shown that the concentration of a NaCl solution within a 3/4" stainless steel pipe can be determined to within M. 18 M (30) for a data acquisition time of two seconds. The rapidity, noninvasive nature, and accuracy for a fixed geometry of the technique is highly desirable for application in process control.
